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Introduction 50
The human blood parasite Schistosoma mansoni possess ~252 protein kinases 51 in SDS-PAGE sample buffer (Pierce, UK, Thermo Fisher Scientific, UK) and samples 131 heated to 90°C for 5 min. Protein extracts were obtained from cercariae by lysing pelleted 132 cercariae in a similar manner. Samples were then either electrophoresed immediately or 133
were stored at -20°C, in which case HALT protease/phosphatase inhibitors (Pierce) were 134 added. SDS-PAGE/western blotting were carried out using 10% Precise Precast gels 135 (Pierce) as previously described (Ressurreição et al., 2011a, b) . Briefly, electrophoresed 136 proteins were semi-dry transferred to nitrocellulose membranes, stained with Ponceau S 137 (Sigma), blocked in 1% BSA (Sigma) for 1 h, then incubated in either anti-phospho PKA-C 138 (Thr197) or anti-phospho PKA substrate motif antibodies (each 1:1000 in tween tris-139 buffered saline (TTBS) containing 1% BSA; Cell Signalling Technology (CST), New 140
England Biolabs, UK) overnight at 4°C on a rocking platform. For detection, blots were 141 incubated for 2 h in horse-radish peroxidase (HRP)-conjugated secondary antibodies 142
(1:3000 in TTBS; CST) and immunoreactive bands visualized using West Pico 143 chemiluminescence substrate (Pierce) and a GeneGnome CCD chemiluminescence 144 imaging system (Syngene, UK). After stripping blots with Restore Western Blot Stripping 145 Buffer (Pierce), HRP-conjugated anti-actin antibodies (1:3000 in TTBS; Santa Cruz 146 Biotechnology, UK) were used to assess protein loading differences; GeneTools 147 (Syngene) was used to quantify band intensities and phosphorylation levels were 148 normalized against differences in signal between samples. 149 150
Immunohistochemistry 151
Cercariae or 24 h in vitro cultured somules were fixed in acetone on ice and stored 152 at 4°C. They were then briefly washed in PBS, further permeabilized in 0.3% Triton X-100 153 in PBS for 1 h, washed twice each for 15 min and blocked for 2 h in 10% goat serum. After 154 two further 10 min washes, samples were incubated in either anti-phospho PKA-C 155 (Thr197) or anti-phospho PKA substrate motif antibodies (1:50 in 1% BSA in BS) for 3 156 days at 4°C. Parasites were then washed three times for 30 min each in PBS before 157 incubating in AlexaFluor 488 secondary antibodies (1:500 in PBS; Invitrogen, UK) and 2 158 µg/ml of rhodamine phalloidin for 2 days at 4°C followed by two 30 min washes in PBS. 159
Control parasites were prepared in a similar fashion but without primary antibodies. 160
Parasites were mounted onto silane prep slides (Sigma), covered with Vectashield (Vecta 161
Laboratories, UK), sealed with clear nail polish and visualized on a Leica TCS SP2 AOBS 162 confocal laser-scanning microscope using 40x or 63x oil immersion objectives. 163 164
Somule movement analysis 165
The effect of either forskolin (50 µM), NPY or [Leu ]-NPY, somules were incubated with either peptide for 2 h and then 170 exposed to forskolin for 10 min at which time 30 s movies were captured. Movies were 171 then visualized through captured frames using ImageJ for Windows 172 (http://rsbweb.nih.gov/ij/), and the number of gross muscular contractions that each 173 somule made at each time point determined; a gross muscular contraction was defined as 174 when a somule extended in length (by ~20% or more) and contracted. In addition, the 175 custom ImageJ plugin, wrMTrck (http://www.phage.dk/plugins) was used to determine the 176 Here, these antibodies detected an immunoreactive band at approximately 42 kDa in 220 cercariae and 24 h in vitro cultured somules, with an additional band sometimes observed 221 at ~40 kDa in the latter life stage (Fig. 1A) , which likely represents an additional PKA-C, or 222 splice variant thereof, as seen with adult worms (de Saram et al., 2013) . This double 223 phosphorylated PKA banding was not, however, always observed in 24 h cultured 224 somules. Given the extreme differences in niches experienced by cercariae (freshwater, 225 ambient temperature) and somules (human tissue, 37°C) we hypothesised that PKA might 226 phosphorylate different downstream substrates and attempted to visually resolve potential 227 differences using anti-phospho PKA substrate motif antibodies that detect PKA-preferred 228 proteins containing a Ser/Thr residue with Arg at the -3 position. The overall banding 229 pattern of PKA-preferred phosphorylated substrates was, however, broadly similar 230 between these distinct life stages (Fig. 1A ). Somules were then exposed to the adenylyl 231 cyclase activator, forskolin (50 µM), to ascertain whether PKA could be activated beyond 232 the basal levels observed, and a significant, ~65 -70 %, stimulation of PKA 233 phosphorylation (activation) was seen at 10 and 30 min (P ≤0.001) (Fig. 1B) . In addition, it 234 was apparent that forskolin induced a highly contractile hyperkinesia phenotype. Thus, 24 235 h somules were exposed to forskolin and movies captured (example Supplementary 236 Movies S1, S2). Visual analysis of movie frames in ImageJ revealed that forskolin 237 significantly enhanced somule contractions as early as 5 min (P ≤0.01) when the mean 238 number of contractions increased from 1.5/30 s in controls to 4.7/30 s in exposed somules 239 (P ≤0.01; Fig. 1C ). Thereafter, mean contractions peaked to 17.7/30 s at 20 min (P 240
≤0.001) and declined slightly at 30 min (Fig. 1C). Further analysis of somules with the 241
ImageJ wrMTrck plugin revealed that the mean average speed of somule movement 242 increased from 10.9 pixels/s in the untreated controls to 13.7 and 13.9 pixels/s at 1 and 5 243 min, respectively, peaking at 27.3 pixels/s at 10 min (P ≤0.01) and declining thereafter (to 244 16.0 pixels/s at 30 min). Thus, forskolin induces a transient increase in both number and 245 speed of contractions with maximal effects observed at 10 -20 min. 246 247
In situ distribution of activated PKA, and PKA-preferred substrates, within S. mansoni 248 cercariae and somules 249
Activated PKA was next localized within intact cercariae and 24 h somules to 250 'functionally map' the kinase within the parasite. PKA substrates were also mapped using 251
anti-phospho PKA substrate motif antibodies. In all cases and across multiple 252 experiments, negative control cercariae and somules displayed minimal background 253 staining (e.g. Fig. 2A) . In contrast, labelling of cercariae with anti-phospho PKA (Thr197) 254 antibodies and analysis of image projections/individual confocal z-sections revealed 255 activated PKA associated with the CNS including the cephalic ganglia and longitudinal and 256 ventral nerve cords (Fig. 2B, C) ; the nerve net of the acetabulum (Fig. 2B ) and the sensory 257 papillae at the oral tip also displayed activated PKA (Fig. 2D ). In addition, activated PKA 258 was seen associated with the oesophagus, excretory duct and nephridiopore ( Fig. 2B -E) , 259 and deep scanning revealed activated PKA associated with the protonephridial tubules in 260 the head region ( Fig. 2C ) that joined the excretory duct at the head-tail junction (Fig. 2E) . 261
Cercariae labelled with anti-phospho PKA substrate motif antibodies displayed broadly 262 similar immunoreactivity to those stained with anti-phospho PKA (Thr197) antibodies (Fig.  263 2F -I); however, in addition, striking immounoreactivity was seen in the anterior cone (oral 264 sucker; Fig. 2F ), the tail muscle was clearly labelled (Fig. 2G, I ), and the excretory system 265 was particularly well defined ( Fig. 2G-I ). This somewhat broader immunoreactivity is 266 presumably due to the anti-phospho PKA substrate motif antibodies detecting many more 267 targets than the anti-phospho PKA antibodies (Fig. 1A) , resulting in increased sensitivity. 268
While the cephalic ganglia and acetabular region of 24 h in vitro cultured somules 269 also displayed activated PKA (Fig. 3A, B ), other nervous tissue was less well stained 270 compared with cercariae ( Fig. 2B ). In addition, there was striking activation of PKA at the 271 somule tegument, particularly anteriorly (Fig. 3B , C, G -I), with considerable activation 272 also evident in the sub-tegument regions revealed by deep scanning (Fig 2B, C) . (Fig. 3J, K, M) . HT/dopamine across the tegument (Ribeiro and Patocka, 2013) . Therefore, given the 289 tegumental and neural localization of activated PKA in somules and the effects of forskolin 290 on somule movement observed here, we hypothesized that these BAs might modulate 291 PKA activation in somules. In vitro cultured somules were exposed to 5-HT and dopamine 292 at increasing doses (5 µM, 10 µM and 25 µM) and PKA phosphorylation increased 293 noticeably at ≥10 µM for either BA (data not shown). Somules were thus exposed to 10 µM 294 5-HT or dopamine for increasing durations, with a forskolin positive control. For 5-HT this 295
concentration is approximately 10 times greater than the concentration present in the 296 blood (Weiss et al., 2005) and, although blood levels of dopamine are lower, they can 297 reach the low µM range in dopamine-producing nerve tissues (Zeng and Jose, 2011) . 298
Whereas increased PKA phosphorylation was apparent after 10 min BA exposure, digital 299 analysis of blots revealed activation was only enhanced significantly for both BAs at 30 300 min, with 77% and 55% increases seen for 5-HT and dopamine, respectively (P ≤0.05) 301 (Fig. 4) . 302
Schistosomes also express neuropeptide F (NPF) that is structurally similar to 303 vertebrate NPYs, with a C-terminal Arg-X-Arg-Phe-amide motif resembling that of 304 vertebrate NPY family members (Arg-X-Arg-Phe/Tyr-amide) and conserved tyrosyls at 305 NPY attenuating activation by 33, 36, and 41% at 30, 60 and 120 min (P ≤0.05; P ≤0.01 at 329 60 and 120 min), and NPY by 36 and 45% at 60 and 120 min (P ≤0.05), respectively (Fig.  330   6) . Although an apparent increase in phosphorylation was observed after 5 min exposure, 331 this was not consistent across all blots and analysis revealed no significant change at this 332 time point (Fig. 6 ). Table S1 ). Further analysis revealed 59 high confidence interactions (STRING Global 346 Score ≥ 0.70), which were next constrained to eight interaction clusters using the 347 KMEANS algorithm to visualize proteins that 'clustered' together (Fig. 7A) . Next, a 348 predictive interaction map was generated, with five KMEANS clusters, for the GO 349 Biological Process 'Signal Transduction' (P = 1.03e -8
) which was superimposed onto PKA 350 (Smp_152330) (Fig. 7B) . Putative interactions between PKA and 18 other proteins were 351 retrieved including interactions with nine cAMP/cGMP-specific 3,5-cyclic 352 phosphodiesterases, three adenylate/guanylate cyclases, a Ral GTPase and a Ras GTP 353 exchange factor (Son of Sevenless) important in monomeric g-protein signalling, a 354 serine/threonine kinase (extracellular signal-regulated kinase (ERK)), β-catenin, a 355 peptidase and a hepatocyte nuclear factor ( Fig. 7B ; with identifiers in Supplementary 356 Table S1 ). Finally, the Biological Process 'Regulation of Protein Phosphorylation' mapped 357 five putative cAMP-dependent protein kinase regulatory sub-units onto PKA (Fig. 7C) . 358
The amino acid sequences of proteins from the 'high confidence' list were then 359 screened for possible PKA phosphorylation sites using the computational phosphorylation 360 prediction tool KinasePhos. Of the 59 proteins, 41 were predicted to possess one or more 361 potential PKA phosphorylation sites with 104 sites (32 Ser/72 Thr) predicted in total 362
(Supplementary Table S2 ); motif analysis using Seq2Logo revealed the preponderance of 363 the canonical PKA phosphorylation motif (K/R)(K/R)X(S*/T*) (Fig. 7D) . Furthermore, 63 of 364 these phosphorylation sites were also predicted to be PKA phosphorylation sites using an 365 alternative prediction tool, pkaPS (Supplementary Table S2 ). However, of the two tools, 366 pkaPS predicted many more potential sites (551) type II-alpha regulatory subunit (Smp_079010) and calmodulin (Smp_026560.2) were 453 also recently detected in the tegument fraction of somules using proteomic approaches 454 (Sotillo et al., 2015) . Moreover, the high confidence interacting protein dataset included 455 four heat shock/DnaJ-like proteins/factors, four protein kinases, nine leucine-rich repeat 456 containing proteins, three Shoc-2 proteins, and other signalling proteins such as TGF-β 457 family member, and a Ras GTP exchange factor and Ras suppressor protein 1 that would 458 be important to ERK signalling in the parasite (Ressurreição et al., 2014) 
